The access to libraries of molecules with interesting biomolecular properties is a limiting step in the drug discovery process. By virtue of a long molecular evolution process, natural products are recognized as biologically validated starting points in structural space for library development. We introduce here a strategy to generate natural product-like libraries. A semisynthetic mixture of compounds was produced by diversification of a natural product extract through the chemical transformation of common chemical functionalities in natural products into chemical functionalities rarely found in nature. The resulting mixture showed antifungal activity against Candida albicans, whereas the starting extract did not show such activity. Bioguided fractionation led to the isolation of a previously undescribed active semisynthetic pyrazole. The result illustrates how biological activity can be generated by designed chemical diversification of a natural product mixture, and represents the proof of principle of an alternative strategy for producing natural product-like libraries from natural products libraries.
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diversity ͉ natural products N atural products have been invaluable as platforms for developing front-line drugs (1) (2) (3) . This value is in part due to the fact that their chemical diversity is complementary to the diversity found in synthetic libraries (4) . Natural products are sterically more complex and have broader diversity of ring systems compared with synthetic and combinatorial counterparts (4, 5) . Those structural features are the result of a long evolutionary selection process (6) . Less than one-fifth of the ring systems found in natural products are represented in current trade drugs (7) . On the other hand, drug and combinatorial molecules tend to include a higher number of nitrogen-, sulfur-, and halogen-containing groups (4, 5, 8) .
Because the identification of new chemotypes for drug development remains an urgent need in many therapeutic areas, innovative strategies for natural products to contribute their full range of chemical diversity are being developed. Such strategies range from the exploration of unconventional sources of natural compounds (9, 10) to the development of synthetic methodologies for the preparation of natural product-like libraries (11) (12) (13) (14) (15) through the diversification of natural product mixtures by combinatorial biosynthesis and related techniques (16 -21) .
We report here a strategy to generate bioactive compounds through chemical diversification of inactive natural product mixtures (i.e., natural extracts). Natural product extracts are natural libraries of complex composition, mostly uncharacterized, that usually contain a high number of molecules with different scaffolds and functionalities.
Provided that a significant proportion of the different molecules present in a given extract is chemically altered, a considerable number of compounds will be generated; hence, changes in the biological properties of the mixture could be expected (22, 23) .
Our approach to modify as many compounds as possible in complex natural mixtures of unknown composition is to focus into the transformation of chemical functionalities that are very common in natural products and thus expected to be present in a substantial proportion of the members of the mixture (Fig. 1) .
If those common chemical functionalities are transformed into chemical functionalities that are rarely produced by nature, we could complement nature's chemical capabilities.
To increase the chances of generating libraries with interesting biomolecular properties, the approach also points to incorporating some of the characteristics of biologically active compounds into the natural mixtures (i.e., average heteroatom content).
Results and Discussion
Carbonyl Group as the Target. One chemical functionality commonly found in natural products is the carbonyl group. According to the Dictionary of Natural Products (24) , Ϸ80% of the 147,852 structures within the database contain at least one carbonyl group in their structure. To gain insight into the distribution of those structures within the database, the number of carbonyl containing molecules was analyzed in three sets of 17 groups of compounds or ''virtual extracts'' selected from the database through the use of three different filters. In set one, each group of compounds contained every molecule within the database found in one particular plant species. ¶ In the second set, each of the 17 ''virtual extracts'' included only one type of secondary metabolite (i.e., f lavonoids, alkaloids, etc.). Finally, in set three, each virtual extract included all of the molecules in the database with molecular weights starting with arbitrarily defined values (i.e., 10, 20, etc.). The average frequency of carbonyl-containing molecules was between 0.76 and 0.80 for all of the sets of virtual extracts (Fig. 2) and, perhaps more importantly, there is Ͼ80% probability that at least 65% of structures included in the virtual extracts contain one or more carbonyl groups, regardless of the filter used. This result suggests that chemical transformation of the carbonyl group could be an interesting entry point to the chemical transformation of a significant number of the component molecules of natural extracts.
To select reagents and conditions suitable to transform carbonyl groups, the database (24) was searched for common forms of carbonyl groups in natural product structures, and we discovered that carbonyl groups are mainly found as esters (50%) and ketones (40%), followed by carboxylic acids (27%), amides (13%), and aldehydes (5%).
Hydrazine as the Reagent. Aiming at the diversification of the components of natural extracts through carbonyl group transformation, we first tested the reaction with hydrazine monohydrate. This reagent can react with ketones, aldehydes, esters, and amides to form either hydrazones or acyl hydrazides. These reactions result in the exchange of one oxygen atom with two nitrogen atoms, which is interesting considering that different reports indicate that the average nitrogen content per molecule in natural products is lower than in drug molecules, and the opposite is observed for oxygen content (4, 5, 8) .
In addition, the presence of a second nitrogen atom in the reagent results is attractive because of the following reasons: (i) it increases the nucleophilic character, (ii) it can give further reactions increasing the potential number of products, and (iii) the N-N moiety is uncommon in natural products. ʈ Alteration of Composition. When a n-butanol extract of the plant Polygonum ferrugineum Wed (Polygonaceae) (25) was treated with hydrazine monohydrate in ref luxing ethanol, interesting changes were observed by high-performance liquid chromatography (HPLC) and NMR analysis. The HPLC profile of the mixture was affected by the reaction: the modified mixture showed a major number of peaks with retention times Ͼ6 min, whereas the most prominent peaks in the chromatogram of the unmodified extract concentrated within a range of retention times Ͻ7 min (Fig. 3) .
Comparison of the 13 C NMR spectra of treated and untreated mixtures showed interesting changes in the signals corresponding to carbonyl carbons. Considering that NMR signals for carbonyl carbons of ketones, esters, aldehydes, and amides appear between 160 and 210 ppm, and signals for CAN carbons of hydrazones and CAO carbons of acyl hydrazides usually appear within the range of 150 -175 ppm, three zones of expected signal changes could be defined as follows: (i) 175-210 ppm where signals are expected to disappear, (ii) 150 -160 ppm where new signals are expected to show up, and (iii) 160 -175 ppm where signals of starting material as well as products can be found so that signals are expected to either disappear or appear. Fig. 3 shows that the main signals that disappear from the 13 C NMR spectrum of the original mixture because of the reaction (Fig. 4b , marked as ᮎ) were located between 170 and 210 ppm. In addition, several signals emerge in the expected range of chemical shift of the 13 C NMR spectrum of the modified mixture (Fig. 4a, marked as ᮍ) .
Alteration of Biological Properties. Differences between the biological properties of the modified and unmodified extracts were studied by TLC bioautography, a technique that combines chromatographic separation with in situ activity determination (26) . Bioautography was carried out with Candida albicans, the most frequently isolated human fungal pathogen, which causes a wide variety of mucosal and systemic infections as an opportunistic organism in immunocompromised patients (27, 28) . When a developed TLC of both mixtures was stained by use of a viability dye for the fungus (29), a clear inhibition zone was detected in the modified extract, whereas no inhibition could be detected in the original extract (Fig. 5) .
Bioactivity-guided fractionation of the semisynthetic mixture through normal and reversed-phase chromatography led to the isolation of pyrazole 1. Compound 1 contains the expected N-N moiety in its structure, indicating that it was produced during the diversification step. This conclusion is further supported by the fact that pyrazoles are very uncommon secondary metabolites in plants (30) .
Pyrazole 1 could be formed by reaction of hydrazine with an inactive f lavone present in the unmodified extract (31, 32) . Nucleophilic attack of hydrazine at C-2 of the f lavone followed by ring-opening and further nucleophilic attack of the second nitrogen atom at the carbonyl carbon and subsequent dehydration could have led to the formation of the pyrazole ring (Fig. 6 ).
Conclusion
We have described the generation of biological activity in an inactive natural extract by means of chemical diversification of their components. The process focuses on the transformation of chemical groups highly common in natural products into chemical groups that are rarely produced by the secondary metabolism. In this way nature's biosynthetic machinery can be complemented to produce a whole range of new semisynthetic compounds in one step. Chemically engineered extracts could become an alternative source of compounds to feed the discovery process for new molecules with interesting biomolecular activities.
Materials and Methods
NMR analyses were carried out on an AC-200 spectrometer (200 MHz; Bruker, Billerica, MA) in CDCl 3 . Tetramethylsilane (TMS) was used as the internal standard for 1 H and 13 C NMR. Chemical shifts are reported in parts per million downfield from TMS, and J values are reported in hertz.
HPLC analysis was carried out by using a 1050 instrument (Hewlett-Packard, Palo Alto, CA), coupled to a HewlettPackard 1050 DAD; data were analyzed by using HewlettPackard ChemStation. Reversed-phase HPLC separations were carried out by using a 15 cm ϫ 4.6 mm i.d., 3-m particle size ABZϩ C18 alkylamide column (Supelco, Bellefonte, PA) using acetonitrile and water gradients.
High-resolution fast atom bombardment (HRFAB) mass spectra were recorded on a VG-ZAB (100-2600) apparatus in the Mass Spectrometry Laboratory at the University of California at Riverside (Riverside, CA).
ʈ Less than 1% of the 147,852 structures in the Dictionary of Natural Products (24) database contain the N-N moiety in their structure. Reaction with Hydrazine Monohydrate. An EtOH solution of the dry extract (2% wt/vol) containing hydrazine monohydrate (1% wt/vol) was stirred under ref lux for 7 h, and the solvent was removed under reduced pressure. The residue was dissolved in dichloromethane (1.5 times the volume of the reaction) and washed twice with water. The organic fraction was dried (sodium sulfate) and gravity filtered, and the solvent was removed by rotary evaporation. Reactions were carried out in 100-mg, 5-g, and 35-g scale obtaining good reproducibility for chromatographic and bioautographic profiles.
Antifungal Evaluation. For the bioautography, we used C. albicans ATCC 10231 (American Type Culture Collection, Rockville, MD). Chromatograms were placed in sterile Petri dishes with covers. Sabouraud growth medium with 0.6% agar/0.02% phenol red and an inoculum of cell suspensions at a final concentration of 1-5 ϫ 10 5 cells, obtained according to reported procedures (33) , was distributed over developed TLC plates (1 ml/cm 2 ). After solidification of the medium, the TLC plates were incubated overnight at 28°C. Subsequently bioautograms were sprayed with an aqueous solution of methylthiazolyltetrazolium chloride (MTT; 1 mg/ml) and incubated for another 2 h at 28°C. Dark yellow inhibition zones appeared against a dark brown background (27) . In accordance with literature, under these conditions the minimum amount detected of the known antifungal Amphotericin B was 1 g (34). Isolation of 1. The modified extract was chromatographed on silica gel (230 -400 mesh, hexane-ethyl acetate gradient) to obtain 19 fractions. The bioautography active fractions (14 -18) were chromatographed on reversed-phase silica gel C-18 (water-methanol gradient) to obtain six fractions. Fraction 3 was further chromatographed onto preparative TLC on reversed-phase silica gel to obtain compound 1. 
3(5)-(2,6-dihydroxy-4,5-dimethoxyphenyl)-5(3)-phenylpyrazole (1).

